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Adenosine-to-inosine RNA editing modifies maturing
mRNAs through the binding of adenosine deaminase
acting on RNA (Adar) proteins to double-stranded
RNA structures in a process critical for neuronal
function. Editing levels at individual editing sites
span a broad range and are mediated by both
cis-acting elements (surrounding RNA sequence
and secondary structure) and trans-acting factors.
Here, we aim to determine the roles that cis-acting
elements and trans-acting factors play in regulating
editing levels. Using two closely related Drosophila
species, D. melanogaster and D. sechellia, and their
F1 hybrids, we dissect the effects of cis sequences
from trans regulators on editing levels by comparing
species-specific editing in parents and their hybrids.
We report that cis sequence differences are largely
responsible for editing level differences between
these two Drosophila species. This study presents
evidence for cis sequence and structure changes as
the dominant evolutionary force that modulates RNA
editing levels between these Drosophila species.
INTRODUCTION
Adenosine-to-inosine (A-to-I) RNA editing is a co-transcriptional
process mediated by adenosine deaminase acting on RNA
(Adar) proteins that bind double-stranded RNA (dsRNA) struc-
tures to convert adenosines into inosines, which are recognized
as guanosine by the cellular machinery (Bass, 2002; Gott and
Emeson, 2000; Nishikura, 2010; Rodriguez et al., 2012). This pro-
cess is critical for neuronal function in multiple species, including
Drosophila (Li and Church, 2013; Rosenthal and Seeburg, 2012;
Tariq and Jantsch, 2012), where over 5,000 RNA editing sites
have been identified, many edited to different extents (Graveley
et al., 2011; Ramaswami and Li, 2014; Ramaswami et al., 2013;
Rodriguez et al., 2012; St Laurent et al., 2013). Mechanisms
for maintaining editing levels at individual sites are not fully
understood, although recent work demonstrates a role for both
cis sequences and trans-acting factors.
Pre-mRNA sequence and secondary structure help deter-
mine editing levels as they control the ability of Adar to bindthe substrate. Most editing sites are harbored in imperfect
dsRNA structures, which leads to editing only at specific aden-
osines (Rieder and Reenan, 2012; Tian et al., 2011). Distal
tertiary structural elements can also be critical in establishing
editing levels (Daniel et al., 2012; Reenan, 2005; Rieder et al.,
2013). Furthermore, Adar proteins show primary sequence pref-
erences in the bases adjacent to the edited adenosine (Egging-
ton et al., 2011), suggesting that sequences both next to and far
from the editing site contribute to establishing the editing levels
at specific sites.
Editing levels may also be under the control of trans-acting
factors. In mammals, numerous proteins are known to affect
editing levels (Garncarz et al., 2013; Marcucci et al., 2011; Tariq
et al., 2013; Wang et al., 2013). In flies, proteins Fmr1, Period,
and Maleless have been implicated as regulators of editing
(Bhogal et al., 2011; Hughes et al., 2012; Reenan et al., 2000),
and the overrepresentation of certain sequence motifs in edited
RNAs suggests that the binding of sequence-specific factors
may facilitate editing at some sites (Graveley et al., 2011).
Despite these previous findings demonstrating both the role of
trans regulators and cis sequences in controlling editing levels at
specific sites, the relative contribution of these factors in regu-
lating editing levels on a genome-wide scale is not well under-
stood. Interspecies hybrids provide a simple system to dissect
the contribution of cis elements and trans-regulatory factors
because, in hybrids, the cis environments of the parent species
are confined to the same trans environment (Cowles et al.,
2002). Therefore, allele-specific differences in editing levels in
the hybrids can be attributed to the effects of cis sequence
differences between the parent species, whereas differences
that are not accounted for by cis effects are then attributed to
trans-regulatory differences (Wittkopp et al., 2004).
Here, we use Drosophila melanogaster, Drosophila sechellia,
and their F1 hybrid progeny to dissect the effects of cis
sequences from trans factors on editing levels at hundreds of
editing sites in the two species. We report that cis sequence
effects play the largest role in modulating the editing levels be-
tween these two species, andwe find that cis sequence changes
promoting stability of edited dsRNA hairpins often correlate with
higher editing levels. We further show that the majority of editing
differences between the species are not a result of differences in
Adar. Our data suggest a model where cis sequence changes
surrounding editing sites play a critical role in determining RNA
editing levels genome-wide and are largely responsible for the
evolution of editing levels across these species.Cell Reports 11, 697–703, May 5, 2015 ª2015 The Authors 697
Figure 1. Determining RNA Editing Levels in D. melanogaster, D. sechellia, and Their F1 Hybrids
(A) Cartoon illustrating the four samples collected and used in the study: 0- to 2-day-old females from D. melanogaster (red), D. sechellia (blue), and their F1
hybrids (purple) and a mixed-parent mapping control. Total RNA was extracted from ten heads for each sample.
(B) Schematic of primer design and mmPCR-seq workflow.
(C) Schematic of mapping F1 hybrid reads to their species of origin to call species-specific editing levels.
(D) Scatterplots comparing editing levels in biological replicates from D. melanogaster and D. sechellia parents and hybrid alleles (see also Figure S1).
(E) Scatterplots comparing separate parent and mixed-parent editing levels. Gray dot, replicates differ byR10% editing and site was excluded from subsequent
analysis.RESULTS
Determining RNA Editing Levels in Two Drosophila
Species and Their F1 Hybrids
We extracted total RNA from the heads of 0- to 2-day-old female
flies from D. melanogaster, D. sechellia, their female F1 hybrid
progeny, and a mixture of equal numbers of female fly heads698 Cell Reports 11, 697–703, May 5, 2015 ª2015 The Authorsfrom the two parent species (termed ‘‘mixed parents’’) (Fig-
ure 1A). To accurately measure RNA editing levels at a large
number of sites, we used microfluidic multiplex PCR and
sequencing (mmPCR-seq) (Zhang et al., 2014) (Figure 1B). This
approach allows us to simultaneously PCR amplify hundreds
of editing sites from dozens of cDNA samples and deeply
sequence the amplicons with high coverage at all sites of
Figure 2. Differences in Editing Levels be-
tween Parents Are Largely Maintained in
Hybrid Alleles
(A) Scatterplot comparing editing levels between
D. melanogaster and D. sechellia parents.
(B) Scatterplot comparing editing levels between
D. melanogaster and D. sechellia alleles in F1 hy-
brids. Red dot, D. melanogaster more highly edi-
ted. Blue dot, D. sechellia more highly edited.
Black dot, no editing difference (Fisher’s exact
tests; FDR = 5%).
(C) Scatterplots comparing the difference in edit-
ing between parents versus the difference in ed-
iting between hybrid species-specific alleles.
Purple dot, no change between parent and hybrid
differences. Green dot, evidence of cis diver-
gence. Blue dot, evidence of cis and trans diver-
gence (FDR = 5%; see Experimental Procedures
for statistical analysis). Right plot, magnification of
points for clarity.interest. We designed 493 pairs of PCR primers that assayed a
total of 1,036 editing sites in D. melanogaster that have
conserved adenosines in D. sechellia, requiring high conserva-
tion within the primer sequences to allow amplification in both
species (Table S1). We chose target sites with the intent to maxi-
mize observed differences in editing between the species (see
Supplemental Experimental Procedures).
We developed a computational pipeline that mapped
sequencing reads to both species’ genomes, allowing for mis-
matches, and then compared alignments at known sequence
variants between the two species to find the perfect species
match, ignoring editing sites where A-to-G mismatches were
present (Figure 1C; see Supplemental Experimental Proce-
dures). After assigning each read to its respective species, we
determined species-specific editing levels by calculating the
percentage of A-to-G mismatches at editing sites across reads
derived from each species.
Our approach produced highly reproducible editing levels
between biological replicates (R2 R 0.96; Figures 1D and S1)
as well as between separate parent samples and the corre-
sponding alleles from the mixed-parent samples (Figure 1E),
demonstrating the reproducibility of mmPCR-seq and the accu-
racy of our mapping workflow in determining species-specific
editing levels from a mixture of alleles from the two species.
Only editing sites that showed reproducible editing levels (within
10% edited) in all biological replicates and between separate
and mixed parents were used in downstream analyses.Cell Reports 11, 697Majority of Editing Level
Differences between
D. melanogaster and D. sechellia
Are Maintained in F1 Hybrids
We first compared the editing levels
between the two parent species at
273 editing sites with high coverage
and reproducible editing levels of greater
than2% in at least one species (Figure 2A;
Table S2). The 273 editing sites are foundin 103 genes, with 143 (52%) leading to nonsynonymous
changes, 38 (14%) causing synonymous changes, 87 (32%)
altering 30 UTRs and 5 (2%) altering 50 UTRs. As expected,
editing levels varied considerably more between species than
between the biological replicates within species (R2 = 0.72 and
R2 = 0.96–0.99, respectively), with a total of 69 sites differing
significantly between species.
We then measured species-specific editing levels in the
F1 hybrid progeny, where editing differences are solely due to
cis-acting effects. Interestingly, we observed similar results
in the hybrid comparison as in the parent comparison, with 52
sites differing between D. melanogaster and D. sechellia alleles
in the hybrids; 40 of these sites (77%) also differed between
parents (Figure 2B; Table S2).
We classified the 52 sites with editing differences between
hybrid alleles as cis-regulated sites. Todetermine trans-regulated
sites, we looked for sites where the difference between the
hybrid alleles did not account for the difference between the
parents. We plotted the difference in editing level between
the hybrid alleles versus the difference in editing between the
parent species and estimated the editing divergence due to
trans-regulatory differences for these sites as the residuals
from the linear regression determined by all sites (Figure 2C;
see Experimental Procedures for statistical analyses). We found
that three sites showed statistically significant evidence of trans
regulation, although we note that our method for determining
trans-regulated sites lacks power compared to that determining–703, May 5, 2015 ª2015 The Authors 699
Figure 3. Cis Sequence Differences Surrounding Editing Sites Alter Editing Levels between Species
(A) Amount of genomic sequence variants surrounding cis-affected editing sites versus unchanged editing sites, normalized by number of sites in each group (p
value from one-sided Kolmogorov-Smirnov test).
(B) Schematic of ECS (editing complementary sequence) prediction. ECS regions were predicted by folding the region around editing sites with RNAfold software
(see Experimental Procedures).
(C) Boxplot showing differences in free energy of RNA secondary structure between the two species. Purple, unchanged sites (n = 115). Red, cis-regulated
sites with higher D. melanogaster editing (n = 12). Blue, cis regulated with higher D. sechellia editing (n = 9). p values from one-sided Mann-Whitney-U test
(*p value = 0.1; ***p value = 0.001).
(D) Two examples of secondary structure and editing level changes between species at cis sites as determined by ECS prediction script. Top, chr2L@11796346.
Bottom, chr3R@10642469. Arrows indicate edited adenosine.cis-regulated sites (see Figure S2 for alternative analyses). Of
the 52 cis-affected sites, 24 (46%) were found in 30 UTRs,
19 (37%) led to nonsynonymous changes, and nine led (17%) to
synonymous changes. We classified the remaining 221 sites as
unchanged. Thus, the majority of large editing level differences
between these two closely related species are encoded in cis,
suggesting changes in the genomic sequence of edited sub-
strates are the primary drivers of the evolution of editing levels
between these two species.
pre-mRNA Sequence and Structural Changes around
Editing Sites Contribute to Editing Level Differences
between Species
To characterize how cis effects alter editing levels, we looked at
genomic-sequence differences between the two species around
the editing sites. Only 3 of 52 cis-affected sites showed a variant
within the Adar triplet motif (Bass, 2002), suggesting changes
immediately adjacent to the editing site are not the dominant
mechanism altering editing levels at most sites. We next
examined genomic variants in a broader region surrounding
the editing sites. When examining 200 bases upstream and
downstream of each of the 273 editing sites to encompass bases
likely included in edited dsRNA hairpins, we saw an increase
in sequence differences around cis-affected sites compared
to unchanged sites that persisted across the entire 400 bases700 Cell Reports 11, 697–703, May 5, 2015 ª2015 The Authorssurrounding the editing sites, although it was greater in the 100
bases up and downstream of the editing sites (Figure 3A).
To determine whether these sequence changes affect the
stability of the dsRNA structure around the editing sites, which
might alter Adar binding, we used the RNA secondary structure
prediction software RNAstructure (Reuter and Mathews, 2010)
to computationally predict the RNA secondary structure near
our editing sites of interest and determined the editing comple-
mentary sequence (ECS) that pairs with the region around our
editing site (Figure 3B; see Experimental Procedures). Based
on these computational predictions, we compared the free
energy of the edited hairpin between the two species. We found
that the majority of editing sites that we categorized as
unchanged (see Figure 2C) had similar predicted free energies
for the edited hairpin in both species (Figure 3C). In contrast, in
the set of cis-regulated sites, we saw a correlation between
increased editing level and substrate stability, in that sites
with higher editing in the D. melanogaster allele showed a
hairpin with a lower free energy in D. melanogaster, whereas
the opposite was true for sites that were more highly edited
in D. sechellia (Figure 3C). Examples of predicted dsRNA hair-
pins around two cis-affected editing sites in both species and
the corresponding editing levels are shown in Figure 3D. These
examples highlight that fact that longer hairpins with more paired
bases were often more highly edited. These data suggest that
Figure 4. Differences in D. melanogaster and D. sechellia Adar Proteins Are Not Responsible for Editing Level Differences between the
Species
(A) Schematic highlighting amino acid differences between D. melanogaster and D. sechellia Adar proteins.
(B) Schematic depicting the cross to create hybrid flies with only D. sechellia Adar using the Adar5G1 mutant (Palladino et al., 2000).
(C) Scatterplots comparing editing levels between wild-type hybrids and Adar5G1/D.sec+ hybrids in D. melanogaster (left) and D. sechellia (right) alleles (see also
Figure S3). Purple dot, wild-type hybrid more highly edited. Pink dot, Adar5G1/D.sec+ hybrid more highly edited (Fisher’s exact tests; FDR = 5%).
(D) Adar expression by qPCR (left) and editing level measured from Sanger sequencing at Adar auto-regulatory editing site (right) in D. melanogaster and
D. sechellia parents, wild-type hybrids, and Adar5G1/D.sec+ hybrids, relative to D. melanogaster parents. Error bars = SEM.
(E) Expression of period and Fmr1 mRNAs in D. melanogaster, D. sechellia, and F1 hybrids measured by qPCR. Error bars = SEM.
(F) Editing level and secondary structure changes between species at chr3R@1062097, which showed cis and trans effects. Arrows indicate edited adenosine.stability of the dsRNA hairpin containing the editing site is amajor
contributing factor to editing divergence between these two
species.
Differences in D. melanogaster and D. sechellia Adar
Proteins Are Not Responsible for Editing Level
Differences between the Species
Whereas most sites with large editing level differences between
the two species appeared to be cis regulated, a small subset of
sites showed evidence of trans regulation. We first determined
whether the trans-acting effects could be simply attributed to dif-
ferences in sequence or expression between the species’ Adars,
which while highly conserved, have protein-level differences
including seven amino acid changes within the two RNA-binding
domains and a 26-amino-acid deletion surrounded by six amino
acid changes within the deaminase domain (Figure 4A).To determine whether the two Adars can edit alleles from
either species, we crossed D. melanogaster Adar-null mutant
females (Adar5G1) (Palladino et al., 2000) to D. sechellia males
to create a hybrid with only one copy of Adar from D. sechellia
(Figure 4B). In the Adar5G1/D.sec+ hybrid, both D. melanogaster
and D. sechellia alleles were similarly edited to the alleles in the
wild-type hybrid at 145 sites analyzed (R2 = 0.89 and 0.95,
respectively), suggesting that the two Adars have similar editing
specificities (Figures 4C and S3). Four editing sites were more
highly edited in D. melanogaster alleles of the Adar5G1/D.sec+
hybrid than the wild-type hybrid, suggesting these sites may
be sensitive to the differences between D. melanogaster and
D. sechellia Adars; however, none showed significant evidence
of trans regulation. Editing levels were slightly lower in the Adar
mutant hybrid than thewild-type hybrid atmany sites (Figure 4C),
likely because with only one copy of Adar, the mutant hybrid hadCell Reports 11, 697–703, May 5, 2015 ª2015 The Authors 701
70% of the Adar expression of the wild-type hybrid as measured
by quantitative real-time PCR (qPCR) (Figure 4D). Despite the
decrease in Adar expression, the editing levels between the
wild-type and mutant hybrid were quite similar, which may be
explained by a reduction in auto-editing of the Adar transcript.
Editing within the Adar transcript itself is known to reduce
Adar activity (Keegan et al., 2005; Savva et al., 2012), and the
D. sechellia Adar transcript within the mutant hybrid was edited
at 35%, compared to 60% in wild-type D. sechellia (Figure 4D).
We used qPCR to examine the expression of two known trans
regulators of editing in flies, period and Fmr1, to determine
whether they might regulate editing in trans between these
species. We observed an increase in period, but not Fmr1 tran-
script expression in D. sechellia and the F1 hybrid compared
to D. melanogaster (Figure 4E), suggesting that sites regulated
by Period may show evidence of trans regulation in our study.
Indeed, one of the three trans-regulated sites, a site in retinophi-
lin (chr3R@1062097; Figure 4F), is known to be highly edited
in wild-type D. melanogaster, but not edited in period mutant
flies (Hughes et al., 2012). This result raises the possibility that
the increase in period expression in the hybrid is responsible
for the increase in editing of theD.melanogaster allele at this site.
DISCUSSION
Here, we measure RNA editing level differences between
the closely related species, D. melanogaster and D. sechellia.
In F1 hybrids, many of these differences are also maintained in
the species-specific alleles, suggesting that cis sequence differ-
ences are largely responsible for the changes in editing between
these species. Many editing level differences caused by cis
effects show differences in the stability of the dsRNA hairpin
between the species; the presence of sequences that stabilize
the dsRNA hairpin encompassing the editing site correlate with
higher editing levels, whereas the opposite is true for sequences
that destabilize the dsRNA hairpin.
Our data reinforce and greatly extend the findings of other
studies that suggest a critical role of dsRNA structure in deter-
mining editing specificity and levels (Rieder and Reenan, 2012).
We do not rule out other previously identified mechanisms
of cis regulation, such as alterations to the Adar editing motif
(although rare in this study) and regulation by distant cis-acting
structural elements (Daniel et al., 2012; Rieder et al., 2013);
in fact, these mechanisms may play a role in the cases where
dsRNA stability around the editing site cannot account for
changes in editing.
These data suggest that the evolution of editing levels across
species is closely tied to sequence conservation surrounding
the editing site. The fact that we see an enrichment for 30 UTR-
editing sites regulated in cis reinforces the notion that non-pro-
tein-coding regions that are less likely to be under evolutionary
constraints are more likely to vary in editing levels between
these species. Conversely, an optimal editing level at a func-
tional editing site could potentially drive sequence conservation
surrounding the site in order to maintain beneficial editing.
In this study, we are unable to attribute a large number of
editing differences to trans regulation. We are limited by the
need for species to be closely related to create viable F1 hybrids.702 Cell Reports 11, 697–703, May 5, 2015 ª2015 The AuthorsIf mating of more distantly related species would yield F1 prog-
eny, we would likely observe greater divergence in editing sub-
strates as well as potential trans regulators. With these species,
changes caused by trans regulators, such as RNA-binding
proteins, are far less likely to be observed as they may require
a substantial sequence or expression change in what are likely
to be highly conserved proteins between these species. Further
exploration of trans regulation in flies is needed to appreciate the
extent to which trans-acting factors affect editing levels.
Differences in Adar proteins between these two species do not
appear to lead to major differences in editing levels, except at a
few sites. This result is not unexpected, as human Adar2 is able
to rescue the D. melanogaster Adarmutant and D. melanogaster
Adar has been shown to edit the mammalian GluR2 site in vitro
(Keegan et al., 2011), providing strong evidence that Adar editing
specificity across species is driven more by substrate sequence
than the differences in Adar proteins.
This study expands the evidence that cis sequence differ-
ences between species are critical determinants of editing level
divergence yet does not rule out a role for trans regulators in
addition to Adar in modulating editing levels. Future studies are
needed to determine the types of cis sequence changes that
have the largest effects on editing level and to identify additional
proteins that act as trans regulators of editing.
EXPERIMENTAL PROCEDURES
Processing Samples for mmPCR-Seq
Fly heads from 0- to 2-day-old female flies were flash frozen in liquid nitrogen.
RNA extractions, cDNA synthesis, andmmPCR-seqwere done following stan-
dard protocols (see Supplemental Experimental Procedures for details).
Statistical Analysis of cis and trans Regulation
We combined read counts for all replicates and downsampled to a uniform
coverage of 175 reads across all samples. Fisher’s exact tests were performed
in R using A and G counts for differences between the parent species and
differences between the hybrid alleles. For trans analysis, we determined the
linear regression and standardized residuals and calculated the two-tailed
probability for observing the residuals in a standard normal distribution
using pnorm(). Multiple hypothesis testing corrections were done using the
Benjamini and Hochberg correction (Benjamini and Hochberg, 1995)
with p.adjust() following both Fisher’s exact tests and regression analysis.
Corrected p values <0.05 were considered significant. All statistical tests
were performed using R version 2.15.1 (R Core Team, 2013).
Predicting RNA Secondary Structures around Editing Sites
Using the programs partition, MaxExpect, and ct2 dot from the RNAStructure
package (Reuter and Mathews, 2010), we predicted the secondary structure
of the sequence 200 bases downstream and upstream of each editing site.
We required a stem of at least 20 bases with a maximum bulge size of eight
bases to call the sequence base paired to the edited side of the stem the
ECS. To determine the energies of the edited stems, we joined the ECS with
the edited part of the stem using a 100-base linker of adenosines and ran
the fold program in the RNAStructure package.
Quantitative Real-Time PCR
qPCR was performed with the same cDNA samples used in the mmPCR-seq
experiments using KAPA SYBR FAST qPCR kit (Kapa Biosystems) following
the standard protocol. Primers used in qPCR experiments are listed in Supple-
mental Experimental Procedures. Averaging three technical replicates, fold
changes were calculated using the DDCt method for the change between
the gene of interest and reference gene GAPDH.
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